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Axo-Axonal Coupling: A Novel Mechanism
for Ultrafast Neuronal Communication
Introduction
Fast prepotentials in principal hippocampal neurons are
Dietmar Schmitz,1,6,7 Sebastian Schuchmann,1
Andre Fisahn,2 Andreas Draguhn,1
Eberhard H. Buhl,3 Elisabeth Petrasch-Parwez,4
Rolf Dermietzel,4 Uwe Heinemann,1 rapid, small amplitude somatic depolarizations that have
been assumed to represent attenuated dendritic actionand Roger D. Traub5,8
1Institute of Physiology, Charite´ potentials (Spencer and Kandel, 1961). Using paired re-
cording techniques, evidence was presented relatingHumboldt-University Berlin
Tucholskystr. 2 these potentials to electrical coupling (MacVicar and
Dudek, 1981, 1982), presumably via gap junctions. Con-10117 Berlin
Germany sistent with this hypothesis, such potentials (now often
called “spikelets”) occur spontaneously in hippocampal2 LCMN/NICHD/NIH
Bethesda, Maryland 20892 principal cells and are correlated with dye coupling be-
tween hippocampal pyramidal cells (Perez-Velazquez3 University of Leeds
School of Biomedical Sciences et al., 1994; Valiante et al., 1995). Spikelets related to
electrical coupling have also been observed in interneu-Leeds LS2 9NQ
United Kingdom rons (Mann-Metzer and Yarom, 1999; Galarreta and Hes-
trin, 1999; Gibson et al., 1999; Tama´s et al., 2000; Ven-4 Department of Neuroanatomy
Molecular Brain Research ance et al., 2000). Recently, we have suggested that
gap junctions could underlie one type of high-frequencyRuhr University
Bochum oscillation in vitro (Draguhn et al., 1998) and could also
contribute to the shaping of fast ripples in vivo (TraubGermany
5 Division of Neuroscience and Bibbig, 2000). Computer simulations based on a
detailed compartmental model of hippocampal pyrami-University of Birmingham
School of Medicine dal cells (Traub et al., 1994) have revealed that fast
electrotonic coupling potentials, as recorded experi-Edgbaston, Birmingham B15 2TT
United Kingdom mentally, can be most readily replicated when gap junc-
tions are located between axons (Draguhn et al., 1998),
which possess a low capacitative load, high input resis-
tance, and a high density of voltage-gated Nachannels,
Summary which is able to generate active depolarizations. In con-
trast, the charging time constant for other (somatic or
We provide physiological, pharmacological, and struc- dendritic) compartments yields slower rise times of sim-
tural evidence that axons of hippocampal principal ulated spikelets (Draguhn et al., 1998) than experimen-
cells are electrically coupled, with prepotentials or tally observed in somatic recordings (Perez-Velazquez
spikelets forming the physiological substrate of elec- et al., 1994; Valiante et al., 1995; Draguhn et al., 1998).
trical coupling as observed in cell somata. Antidromic Computer simulations of large neuronal networks also
activation of neighboring axons induced somatic indicate that, in the absence of chemical synaptic signal-
spikelet potentials in neurons of CA3, CA1, and dentate ing, axon-axon gap junctions occurring at low density
gyrus areas of rat hippocampal slices. Somatic inva- can account for high-frequency oscillations (Traub et
sion by these spikelets was dependent on the activa- al., 1999).
tion of fast Na channels in the postjunctional neuron. Here, we present evidence supporting the hypothe-
Antidromically elicited spikelets were suppressed by sized axonal location of gap junctions between hippo-
gap junction blockers and low intracellular pH. Paired campal neurons. This novel mechanism allows for an
axo-somatic and somato-dendritic recordings re- unusually fast signal transmission between the output
vealed that the coupling potentials appeared in the (axonal) sides of principal neurons and thereby enables
axon before invading the soma and the dendrite. Using highly precise signaling in neuronal networks.
confocal laser scanning microscopy we found that
putative axons of principal cells were dye coupled. Results
Our data thus suggest that hippocampal neurons are
coupled by axo-axonal junctions, providing a novel Spikelets Can Be Elicited by Local
mechanism for very fast electrical communication. Antidromic Stimulation
We recorded potentials from visualized pyramidal cells
in CA1 (n  82), CA3 (n  7), and dentate granule cells
6Correspondence: schmitz@cmp.ucsf.edu (n 8) of rat hippocampal slices, using whole-cell patch
7Present address: Department of Cellular and Molecular Pharmacol- clamp technique in calcium-free extracellular solution
ogy, University of California, San Francisco, 513 Parnassus Avenue, wherein electrical coupling is enhanced (Perez-Velaz-
San Francisco, California 94143.
quez et al., 1994; Valiante et al., 1995) (see Experimental8Present address: Department of Physiology, Pharmacology, and
Procedures). Focal stimulation of the axon with a nearbyNeurology, The State University of New York Health Science Center,
450 Clarkson Avenue, Box 29, Brooklyn, New York 11203. second patch pipette (5–10 M) elicited antidromic ac-
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Figure 1. Antidromically Evoked Potentials in
CA1 Neurons
(a) Direct antidromic activation of a CA1 pyra-
midal neuron leads to an action potential (left
trace), which is clearly different from an ortho-
dromic action potential evoked by a somatic
current pulse (right traces). The 10 ms time
calibration applies to the expanded somatic
and antidromic action potential.
(b1) Stimulation in the neighborhood of the
same neuron elicited first a spikelet (arrow),
which was then followed by an antidromic
action potential. Reducing the stimulus inten-
sity to 1.6A allowed us to record the spikelet
in isolation.
(b2) Same spikelet as in (b1) on an expanded
amplitude scale. Note that the spikelet wave-
form has much more similarity with the anti-
dromic than with the somatically induced ac-
tion potential. Reducing the stimulus intensity
to 1.2 A reduced the spikelet in a stepwise
fashion. The smaller spikelet has been moved
to the right for more clarity. Hyperpolarization
of the membrane potential by 15 mV strongly
suppressed the spikelet (lower trace).
(c) Spikelets could be reliably evoked at high frequencies (a different cell from that shown in [a] and [b]). Stimulation artifacts have been
truncated. Arrows indicate the time of stimulation. All illustrated examples are nonaveraged traces.
tion potentials, which had a fast rate of rise (178  9 receptor antagonists (Figure 2); in addition, spikelets
could be seen in cell-attached recordings in four out ofmV/ms) and slow depolarizing decaying phase (Figure
1a). Searching with the stimulation pipette further away seven cells in normal artificial cerebrospinal fluid (ACSF)
(Figure 2), indicating that spikelets can also be evokedfrom the recorded cell (20 to 200 m) resulted in low-
amplitude spikelet potentials in 65 of 97 neurons ana- under physiological conditions.
lyzed (67%) (Figure 1b). As for antidromic action poten-
tials, the spikelets did not show any afterhyperpolariza- Spikelets Propagate Actively
tion but displayed a slow decay to resting potential, Although the block of spikelets by TTX indicates the
often lasting more than 40 ms (Figure 1b2). importance of Na channels for their generation or con-
Spikelets varied in amplitude between 1.0 and 10.0 duction, it does not show whether such conductances
mV (see Experimental Procedures for detection level), are necessary to excite structures in different cells or
with a mean amplitude of 4.4  0.3 mV. They had a
steep slope of 20 2 mV/ms in their rising phase (20%–
80% rise time: 0.27  0.1 ms; range 0.1–0.45 ms) and
a duration of 3.9  0.3 ms at half amplitude. Spikelet
potentials were abolished by the Na channel blocker
tetrodotoxin (95% reduction; n 14; data not shown).
In 10 cells, we observed a graded increase in the size
of the spikelet amplitude in a stepwise fashion (1.8 
0.3 “steps”; range: 1–3) (Figure 1b2), associated with an
increase in stimulus strength. We also noticed in four
cells a “notch” in the rising phase of the spikelet (data
not shown). Importantly, in another set of experiments,
we tested if antidromically evoked spikelets could follow
high-frequency stimulation. As shown in Figure 1c for
200 Hz stimulation, spikelets faithfully follow very fast
stimulation frequencies (tested up to 500 Hz; n  6),
whereas full antidromic action potentials could not fol-
low such fast frequencies. The ability of spikelets to
follow high-frequency stimulation, 1:1, makes it unlikely
Figure 2. Spikelets Can Be Evoked in Physiologic Conditionsthat spikelets depend upon dendritic action potential
generation: action potentials in CA1 pyramidal cell den- (a) In cell-attached recordings, stimulation in the neighborhood of
the recorded neuron elicited a spikelet (arrow), which was followeddrites attenuate rapidly during repetitive firing (Spruston
by a full antidromic action potential (action current). Again, reducinget al., 1995), due at least in part to the cumulative inacti-
the stimulus intensity from 2.4 to 2.0 A resulted in a spikelet invation of sodium channels (Mickus et al., 1999).
isolation. Note the difference in amplitude scale.
Spikelet potentials could also be elicited in normal (b) Same cell, now in whole-cell recording, in current clamp. Right
extracellular calcium (1.6 mM) in four out of eight cells trace shows the same spikelet on an expanded amplitude scale.
Recordings were done in normal ACSF.in the presence of excitatory and inhibitory amino acid
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Figure 3. Spikelets Propagate Actively and
Are Blocked by QX314
(a) Traces from two sequential recordings
from the same cell. There is no significant
alteration of intrinsic properties and spikelet
potential amplitude upon a second recording
with a “normal” pipette solution.
(b) Second recording with a QX314-filled
electrode (5 mM) caused an immediate block-
ade of the spikelet.
(c) Hyperpolarizing prepulses before evoking
a spikelet potential enhanced the amplitude
of the spikelet, consistent with removal of in-
activation from fast Na channels. (c3) shows
superimposed spikelets from (c1) and (c2) on
expanded time and amplitude scales. The
smaller spikelet has been moved to the right
for more clarity. (c4) shows the spikelet ampli-
tude-dependency on the size of the prepulse
hyperpolarization. A square indicates the
spikelet amplitude without a prepulse, and
circles indicate spikelet amplitude in re-
sponse to different prepulses. An asterisk in-
dicates that a prepulse hyperpolarization of
30 mV led to a full antidromic action potential.
Arrows indicate time of stimulation.
are needed for the active antidromic propagation of the olone also significantly reduced the spikelet slope from
26  6 mV/ms to 12  3 mV/ms (p  0.002). In addition,potential from the axon to the soma of the recorded
neuron. If this were the case, hyperpolarizing the soma carbenoxolone reduced the spikelet amplitude in den-
tate gyrus granule cells in four out of four neurons byand the proximal axon via the patch pipette should block
the spikelet. Indeed, hyperpolarizing the cell by 15–25 55%  10%. The reduction of both spikelet amplitude
and spikelet slope is predicted by computer simulationsmV consistently abolished spikelet invasion in an all-or-
none fashion (n 12) (Figure 1b2). Given that the putative
coupling site is not at the soma (see below), these data
are consistent with active conduction of the spikelet
and do not necessarily imply any voltage dependence
of the junctional conductance itself. Additional lines of
evidence supporting the participation of voltage-gated
Na channels in spikelet propagation were as follows:
sequential recordings of the same neuron with and with-
out the sodium channel blocker QX314 (5 mM) in the
intracellular solution suppressed the spikelet amplitude
immediately after “breaking” into the neuron by 89% 
5% (n 5) (Figure 3b). Control experiments showed that
spikelet amplitudes remained unaffected when the same
cell was recorded twice with the standard solution (n 
4) (Figure 3a). Involvement of fast Na channels in spike-
let propagation also suggests that spikelets might be
reduced in amplitude at resting membrane potential due
to the inactivation of some of these channels. Therefore,
we injected a 200 ms hyperpolarizing current pulse prior
Figure 4. Spikelets Depend on Gap Junctionsto the spikelet initiation to remove fast Na channel
inactivation. As expected, spikelet amplitudes were (a) Spikelets are reversibly reduced following the application of the
gap junction blocker carbenoxolone (100 M).clearly increased by this procedure (n  6) (Figure 3c).
(b) The antidromically elicited full action potential (direct stimulation
of the axon, filled electrode) as well as somatically evoked potentialsSpikelets Are Dependent on Gap Junctions
were not affected in the same cell by carbenoxolone.
To test whether spikelets are transferred via gap junc- (c) Data from a cell that was first recorded in whole-cell mode with
tions from the axon stimulated with the remote pipette, our standard pipette solution (pH 7.2) and subsequently with another
pipette solution (pH 6.7), with both recordings having comparablewe applied the gap junction blocker carbenoxolone (100
access resistances (8 and 7 M, respectively). As visible from theM) (Davidson and Baumgarten, 1988). Carbenoxolone
traces, the spikelet potentials are drastically reduced with a lowerconsistently depressed the amplitude of spikelets in
pH, compatible with the expected behavior (Spray et al., 1981) (i.e.,CA1 pyramidal neurones by 35%–86% (mean: 61.2% 
closure of gap junctions). Control of two subsequent recordings
4.1%; p  0.0001; n  15 cells) (Figure 4a). In five cells, with the same pipette solution gave no significant alteration in spike-
we waited up to 60 min to obtain a partial recovery upon lets (see Figure 3a). Stimulation artifacts have been truncated.
Arrows indicate time of stimulation.washout of the drug (Figure 4a). Interestingly, carbenox-
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of neuronal pairs coupled by an axonal gap junction,
when gap junction conductance is reduced over a cer-
tain range (see below and Figure 8b). Intrinsic proper-
ties of the recorded CA1 neuron, such as input resis-
tance (110  5 M to 115  5 M), input time constant
(19  1 ms to 21  1 ms), resting membrane potential
(61  0.5 mV to 61  0.4 mV), amplitude (91  2 mV
to 90  2 mV), and slope (182  20 mV/ms to 184  22
mV/ms) of antidromically evoked action potentials, were
not altered by carbenoxolone (Figure 4b), thereby sug-
gesting the relative specificity of the substance for gap
junctions. In addition, two other gap junction blockers,
octanol (1 mM) and halothane (5 mM), mimicked the
effects of carbenoxolone. The spikelet amplitude was
reduced by 58%  5% (n  10 for octanol) and 52% 
5% (n 4 for halothane), with their slopes being reduced
by 47%  9% and 50%  11%, respectively, whereas
the antidromic action potentials were unchanged (data
not shown). Previous experiments have shown that both
substances do not significantly change the intrinsic
properties of pyramidal cells (Draguhn et al., 1998).
Transmission of spikelets via gap junctions is likely to
be sensitive to changes in intracellular pH (Spray et
al., 1981). Indeed, patching the same neuron first with
standard (pH 7.2) and subsequently with acidic intracel-
lular solution (pH 6.7, otherwise identical) reduced the
spikelet amplitude by 73% 7% (p 0.01; n 7) (Figure
4c), whereas, again, the antidromic action potential re-
mained unchanged (data not shown). However, one
must consider the possibility that antidromic action po-
tentials are an insensitive index for pharmacological side
effects of carbenoxolone. Therefore, we recorded action Figure 5. Carbenoxolone Does Not Affect Action Potentials in CA1
potentials directly from two different axonal structures Pyramidal Cell Axons or Mossy Fiber Boutons
within the hippocampus: the proximal axon of CA1 pyra- Action potentials were elicited by brief (1–2 ms) depolarizing steps.
midal neurones (Figure 5a) and the terminals of dentate (a) Carbenoxolone (100 M) has no effect on axonal action potential
of CA1 pyramidal neurons. Inset shows an overlay of six actiongyrus granule cells, called mossy fiber boutons (Figure
potentials in control conditions and following the application of car-5b). Direct recordings from mossy fiber boutons is a
benoxolone. Summary (lower graph) of four experiments shows thevery recently developed technique (Geiger and Jonas,
lack of effect of carbenoxolone on action potential amplitude.
2000) and allowed us to investigate the effect of carbe- (b) Directly evoked action potentials in mossy fiber boutons were
noxolone on directly evoked action potentials at the also not affected by carbenoxolone. Inset shows an overlay of eight
terminal. However, carbenoxolone has no observable action potentials in control conditions and following the application
of carbenoxolone. The small voltage deflection next to the actioneffect on directly evoked full axonal action potentials
potentials revealed no change in the input resistance of the re-(Figure 5), whereas somatic spikelet potentials are sup-
cording. Summary of four different bouton recordings (lower graph).pressed in CA1 as well as in dentate gyrus granule cells
Recordings were done at room temperature.
(see above). Therefore, it appears extremely unlikely that
carbenoxolone reduces spikelet amplitude via a non-
specific effect on axonal membranes. 0.1 m/s at 18	C. Moreover, simultaneous recordings
from the soma and the apical dendrite of the same cell
(95 15 m interelectrode distance; n 3) showed thatSpikelets Propagate Antidromically
To determine whether spikelets occur in the axon prior the antidromically evoked spikelet occurred at the soma
before it could be detected at the dendrite. In Figureto invading the soma, we recorded simultaneously from
the soma and either the axon hillock or axon initial seg- 6b, a representative example is shown. Note, also, that
the dendritic spikelet potential is slower and smallerment of CA1 pyramidal cells, using high-resistance patch
pipettes (see Experimental Procedures). Recordings than the spikelet potential at the soma (Figure 6b).
Thus, observation of the spikelet in the proximal axon,were made in whole-cell mode at 18	C to reduce the
axonal propagation velocity. Distances between the two prior to its occurrence in the soma of the same neuron,
would appear to rule out the possibility that spikeletrecording sites were 15–30 m (mean: 19  4 m). In
four out of six such double-patch recordings, remote generation in principal hippocampal neurons depends
on gap junctions located between somata, betweenelectrical stimulation induced antidromic spikelets. In
all of these cells, spikelets traversed the axon before dendrites, or between soma and dendrite of neuronal
pairs. Gap junctions of the latter sort would be expectedinvading the soma. The mean latency between the axo-
nal and somatic spikelet was 180  50 s (Figure 6a). to generate a coupling potential in the soma before the
axon, and, contrary to our data, if the gap junction wereTherefore, the proximal axonal conduction velocity was
Electrical Coupling between Axons
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Figure 6. Spikelets Traverse the Axon Prior
to Invading the Soma and the Dendrite
(a) Simultaneous recording of the somatic
(black) and axonal (red) potential in whole-
cell current clamp recordings. Left traces
show full action potentials in response to a
somatic current injection. Spikelets were
evoked by local antidromic stimulation (right
traces). Superimposed traces show a clear
propagation delay between the two recording
sites.
(b) Simultaneous somatic (black) dendritic
(green) recording from another cell. Action
potentials were again elicited by a somatic
current pulse (left traces). Right traces show
antidromically elicited spikelets. Note the
propagation delay from the somatic to the
dendritic recording. Stimulation artifacts were
reduced by subtracting traces obtained in
TTX (0.5 M) and were partially clipped.
Arrows indicate time of stimulation.
located on an apical dendrite, we would expect to ob- Of note, dye coupling was also observed on 12 out
of 46 occasions, in slices from 16- to 28-day-old animalsserve apical dendritic spikelets prior to somatic ones.
bathed in normal media and in 7 out of 30 occasions in
slices from 6- to 8-week-old animals bathed in low-Dye Coupling
calcium medium. Interestingly, Perez-Velazquez et al.To find an anatomical correlate for axo-axonal coupling,
(1994) observed an increased incidence of dye couplingwe made additional whole-cell patch clamp recordings
between CA1 pyramidal neurons in low-calcium mediaof CA1 pyramidal cells with fluorescent dyes in the patch
compared with control media, and they observed thatpipette and attempted to resolve the dye transfer using
intracellular acidification (which is expected to closea conventional as well as a laser scanning microscope
gap junctions) decreased the incidence of dye coupling.(see Experimental Procedures). Cells were first held and
Correspondingly, Church and Baimbridge (1991) ob-recorded in cell-attached mode to confirm that arti-
served that alkalinization increased the incidence of dyefactual staining was not present. Subsequently, cells
coupling between CA1 pyramidal neurons.were “broken into” to record in whole-cell mode and to
check for dye coupling. Importantly, interleaved control
experiments, in which the neurons were recorded in
Discussioncell-attached configuration for the duration of the entire
experiment, never showed dye coupling. In addition, the
Proposed Mechanism of Electrical Couplinginjected neuron was recorded while the image was taken
Our experimental data support the scenario outlined into confirm stability of control parameters (membrane
Figure 8a: some pairs of pyramidal neurons are electri-potential, input resistance, and, in some instances, ac-
cally coupled at a site not far from the axon initial seg-tion potential shape). We found dye-coupled cells on
ment. Stimulation of an axon can lead to either an anti-28 out of 64 occasions and noticed, in most cases (n 
dromic spike or a partial spike (10–25 mV) in the soma18), that cell somata were clearly separated, thereby
of the parent neuron, depending on voltage-gated andexcluding a soma-to-soma coupling. In most of the re-
synaptic conductances in the neuron. Experimentally,cordings, we could not resolve the membrane compart-
we also noticed, in the soma of five neurons, the occur-ments through which the dye was transferred, mainly
rence of partial spikes after antidromic stimulation (datadue to spatial and time resolution limitations. However,
not shown). Additionally, depending on these conduc-Figure 7 shows a clear example of time-lapsed se-
tances and the resistance of the gap junction, a full spikequences where dye filling of the secondarily filled soma
traversing the gap junction in one axon (e.g., cell one inoccurs via a cell process that could be identified with
Figure 8a) may either appear as a full spike or as a partialpost hoc analysis as the axon of the coupled neuron,
spike in the coupled axon of cell two (Figure 8a). In thewhich was devoid of spines and gave rise to thin caliber
case of a partial spike, its amplitude and rate of rise ataxon collaterals on its course toward the alveus. More-
the postjunctional axonal site will depend on the resis-over, high-resolution images also demonstrate that both
tance of the gap junction (Figure 8b). Finally, the actiondye-coupled types of neurones had a pyramidal-like
potential or partial spike at the postjunctional site propa-dendritic tree, as well as characteristic spines on their
gates—possibly decrementally—to the soma of cell two,dendrites. The example in Figure 7 is representative
either resulting in an antidromic action potential or, alter-for n  4. In those four examples, the axonal coupling
natively, with an axonal partial spike inducing a somaticdistance from the soma was on average 89  11 m
(range 65–117 m). spikelet (Figure 8c).
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Figure 7. Dye Coupling between Hippocampal Pyramidal Neurons
After establishing whole-cell configuration, neurons were loaded with intracellular solution containing 10 g/ml rhodamine 123. Images were
taken using a confocal microscope (Noran, Middleton, Wisconsin) equipped with a 60
 water immersion objective and a fluorescein filter
combination (see Experimental Procedures). Cells were illuminated using the 488 nm line of an argon laser, and emission above 530 nm was
monitored. A pinhole was used to limit illumination and data acquisition to a horizontal layer of approximately 1–2 m thickness. Up to 80
consecutive images were taken every 15–30 s and analyzed offline using NIH Image (version 1.61, http://rsb.info.nih.gov/nih-image).
(A) Pyramidal neuron 30 s after establishing whole-cell configuration (rhodamine 123 containing pipette from left; scale bar: 50 m).
(B) Beginning of axonal and dendritic dye filling about 8 min after establishing whole-cell configuration. The boxed region and the overframing
show a cell process dye filled from the axon (distance between axonal coupling: 91 m; scale bar: 50 m; overframing: 10 m).
(C) Dye-coupling of a second pyramidal neuron about 11 min after establishing whole-cell configuration. The dye filling of the soma occurs
via the cell process, which can now be identified as the axon of the coupled cell (scale bar: 50 m).
(D) Beginning of dendritic dye filling of the dye-coupled neuron about 17 min after establishing whole-cell configuration (scale bar: 50 m).
Overframings show details from both neurons: (D1) and (D4) show dendritic segments with spines (scale bar: 5 m); (D2) and (D3) show axonal
segments with branching collaterals (scale bar: 10 m).
Anatomical Identification through the contact of processes in stratum oriens;
these processes lack spines but do possess branchingUntil now, evidence for electrical coupling between hip-
pocampal pyramidal cells has been controversial. Dye collaterals and, hence, appear to be axons. Of interest, in
all axonally dye-coupled examples, the site of couplingcoupling has frequently been used as a measure to
assess the extent of coupling (Valiante et al., 1995; Mac- appears to be 50–120 m from the soma, which is the
range (50–120 m) before myelination begins in CA3Vicar and Dudek, 1980; Andrew et al., 1982) but has also
been shown to be sensitive to artifacts (Gutnick et al., pyramidal neurons (Kosaka 1980). Of note, also, is the
existence of small proximal unmyelinated axon collater-1985). Gap junctions on presumed CA3 pyramidal cells
have been shown by freeze-fracture technique (Schmal- als (Kosaka, 1980). It is conceivable that junctions might
also be located on nodes of Ranvier, for which there isbruch and Jahnsen, 1981). However, differentiation be-
tween glial and neuronal cell types is often difficult with a precedent in fish (Yasargil and Sandri, 1990).
Any ultrastructural demonstration by blind searchingthis technique (Dermietzel, 1973; Rash et al., 1997). Inde-
pendent of this, recent publications demonstrate the of axonally coupled networks of principal cells is compli-
cated by the fact that a very low incidence of couplingpresence of mRNA for connexin43 (Cx43) (Simbu¨rger
et al., 1997), Cx36 (Condorelli et al., 1998), and Cx47 may suffice to generate population behavior. Computa-
tional simulation studies of high-frequency (100 Hz)(Teubner et al., 2001) in hippocampal pyramidal neurons,
although the presence of mRNA for connexins is not a oscillations, occurring in large networks (3072 cells) of
neurons coupled by axo-axonal gap junctions, showedproof for the expression of the protein.
Our confocal time-lapse images (Figure 7) now sug- that synchronized oscillations occurred when the den-
sity of gap junctions was extremely low, on average,gest that CA1 pyramidal neurons can be coupled
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7. Despite the low coupling probability, however, previ-
ous work clearly suggests that even a very low mean
density of axo-axonal gap junctions can still have a
profound effect on the collective activity of neuronal
networks (Draguhn et al., 1998; Traub et al., 1999).
Possible Functional Roles of Axo-Axonal
Gap Junctions
Based on a combination of physiological and anatomical
evidence, we suggest that fast prepotentials, or spike-
lets, can be caused by axo-axonal electrical coupling
via gap junctions. This proposed mechanism of neuronal
interaction provides the basis for an extremely fast com-
munication mechanism. The existence of axo-axonal
electric coupling potentials and recent evidence for
Figure 8. Computer Simulation of Axonally Coupled Pyramidal Cells modulatory actions of A type potassium currents in ax-
(a) Schematic of circuit that could account for experimental data. ons (Debanne et al., 1997; Kopysova and Debanne,
Two pyramidal cells are shown: dendrites above, somata (triangles),
1998) demonstrate that axons are actively involved inaxons below. A gap junction is indicated by the resistor between
signal processing and integration in central neurons,the two axons. When the left axon is stimulated antidromically,
rather than just being a “transmission line” for stereotyp-evoking a full-sized spike in the axon, this spike may cross the gap
junction to evoke a full spike (data not shown) or to evoke a partial ical propagation of action potentials. Moreover, axonal
spike as shown on the right. The partial spike can, in turn, propagate coupling might be the essential cellular requirement un-
decrementally to the soma as a spikelet (shown) or nondecremen- derlying synchronization of neuronal activity in high-
tally as a full spike (data not shown).
frequency network oscillations (Buzsa´ki et al., 1992; Wil-(b) Simulated spikelets in the right pyramidal neuron after antidromic
son and McNaughton, 1994; Ylinen et al., 1995; Chrobakstimulation of the left axon (see [a]), assuming two values of the
and Buzsa´ki, 1996; Athanassios and Wilson, 1998; Dra-gap junction conductance (4.2 and 3.1 nS, respectively). With the
lower value, the spikelet is smaller and of slower onset, in agreement guhn et al., 1998; Traub and Bibbig, 2000; Gladwell and
with experimental data (see text and Figure 5). Jefferys, 2001) and could contribute to pathological con-
(c) Simultaneous traces of the axonal and somatic potentials from ditions, like certain forms of epileptiform discharges
the simulation with the larger gap junction conductance. Note the
(Taylor and Dudek, 1982; Jefferys and Haas, 1982; Kon-time delay, which is similar to Figure 6a. Time calibration is 25 ms
nerth et al., 1984; Perez-Velazquez et al., 1994; Valiantefor individual traces and 0.5 ms for superimposed traces. Amplitude
et al., 1995; Traub et al., 2001). However, axo-axonalcalibration is 0.1 mV for the somatic and 0.4 mV for the axonal
spikelet. gap junctions might do more than contribute to the gen-
eration and shaping of high-frequency oscillations; they
could also have other significant effects on the inte-
about 1.5–2.0 per neuron (Traub et al., 1999). In the grative properties of neuronal networks. When the gap
model, the physical reason for this low density is as junctions are closed, perhaps via the action of neuro-
follows: the period (P) of the oscillation is determined modulators (Ro¨rig et al., 1995a, 1995b; Ro¨rig and Sutor,
by the product L 
 D, where L is the mean path length 1996), pH (Spray et al., 1981; Church and Baimbridge,
in the gap junction network, and D is the delay for an 1991), or [Ca2]i (Lazrak and Peracchia, 1993; Perez-
action potential to cross from one axon to another (esti- Velazquez et al., 1994; Valiante et al., 1995), the connec-
mated at about 0.25 ms) (MacVicar and Dudek, 1982; tivity of neuronal networks is determined by the anatomi-
Traub et al., 1999). If P  5 ms (corresponding to 200 cal patterns of axonal branching and synaptic contacts.
Hz), L is about 20. Such long mean path lengths can When the gap junctions are open, however, network
occur only in networks that are connected very sparsely. connectivity is different; because action potentials
For example, if each cell in a 3072 cell network were to might cross between axons, each presynaptic neuron
contact on average 1.6 other cells, the corresponding contacts many more postsynaptic cells than it would
coupling probability would be 1.6/3072, or 0.05%, under baseline conditions.
even though such a sparsely connected network (at These data and those presented above suggest that
least in simulations) can generate prominent oscillations electrical axo-axonal communication could be a pivotal
(Traub et al., 1999). This low incidence of electrical cou- mechanism to recruit principal neurons to engage in fast
pling is perhaps the main reason why electron micro- network oscillations, either occurring during conditions
scopic studies have, as yet, provided no evidence for of pathological hypersynchrony, such as epilepsy (Perez-
gap junctions on hippocampal principal cell axons (Ko- Velazquez et al., 1994; Valiante et al., 1995; Traub et al.,
saka, 1983), and, so far, in some laboratories numerous 2001), or during normal information transfer in the limbic
paired recordings of principal neurons have yielded no cortex, such as sharp waves (Traub and Bibbig, 2000;
direct evidence for electrical coupling (Knowles and Ylinen et al., 1995; Chrobak and Buzsa´ki, 1996).
Schwartzkroin, 1981; Miles and Wong, 1986; Deuchars
Experimental Proceduresand Thomson, 1996; but see MacVicar and Dudek 1981,
1982; Bonhoeffer et al., 1989).
Electrophysiology and ImagingThe coupling probability between nearby cells (as op-
Horizontal slices containing the hippocampus and entorhinal, peri-
posed to randomly selected cell pairs) could, of course, rhinal, and temporal cortices were prepared from Wistar rats of both
be higher if gap junctions were all to be located on or sexes (postnatal days 16–56), using standard procedures (Schmitz
et al., 1995). In brief, the animals were deeply anaesthetized withclose to the axon initial segment consistent with Figure
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ether and decapitated, and the brain was removed. Tissue blocks the confocal microscope, images were taken with the fluorescein
isothiocyanate filter combination. Cells were illuminated using thecontaining the temporal cortex and hippocampus were mounted on
a Vibratome or Microslicer in a chamber filled with cold (4	C) ACSF 488 nm line of an argon laser, and emission spectrum above 530
nm was then monitored. A pinhole was used to limit illuminationcontaining (in mM): NaCl 129, NaHCO3 21, KCl 3, NaH2PO4 1.25,
CaCl2 1.6, MgSO4 1.8, and glucose 10, saturated with 95% O2-5% and data acquisition to a horizontal layer that was approximately
1–2 m in thickness. Images were analyzed offline using NIH ImageCO2 (pH 7.4). Slices were cut at 300 m thicknesses and maintained
at room temperature in a gassed ACSF-filled storage chamber. For (version 1.61, http://rsb.info.nih.gov/nih-image).
recordings, we transferred a slice to a chamber mounted on an
upright microscope with a 63
water immersion objective and infra- Simulations
red differential interference contrast or infrared gradient contrast Simulations were performed of two-coupled model neurons (Traub
optics (Dodt et al., 1999) (Luigs & Neumann, Ratingen, Germany). et al., 1994), each with 64 compartments for soma and dendrites,
For recordings from mossy fiber boutons (Geiger and Jonas, 2000), an axon initial segment, and four unmyelinated axonal compart-
slices were cut with a Dosaka microslicer (Kyoto, Japan), and the ments, as in Draguhn et al. (1998). A resistive, nonrectifying symmet-
optics consisted of a 100
 objective and a Hamamatsu C2400-75 rical gap junction was placed between homotopic axonal compart-
camera (Hamamatsu, Japan). ments just distal to the initial segment in a compartment centered
During the experiments, slices were superfused with ACSF at 112 m from the soma. A 4.2 nS gap junction conductance at this
35	C (or otherwise stated) containing 4 mM MgSO4 and 0 mM CaCl2. site led to a coupling ratio of 0.049, as measured at the somata of
In some recordings (see Results), we used normal ACSF (see above) two coupled model neurons. The most distal axonal compartment
as well as normal ACSF to which we added 10 M 6-Nitro-7-sulpha- of cell one was stimulated with brief current pulses at 10 Hz while
moylbenzo[f]quinoxaline-2,3-dione (Novo Nordisk), 30 M ()-2- potentials were recorded at multiple axonal sites, initial segments,
amino-5-phosphonopentanoic acid (RBI), and 10 M bicuculline and somata. The input resistance of a single, uncoupled, model
(Sigma). Using imaging techniques (data not shown), we found that neuron was 37.4 M, and the membrane time constant was 0.75
lowering extracellular [Ca2] (1) reduces intracellular [Ca2] from ms for the axon and 37.5 ms for soma/dendrites. gNa density was
130  30 nM to 60  20 nM (n  4), and (2) increases intracellular 500 mS/cm2 in each axonal compartment, and internal resistivity
pH from 7.19  0.14 to 7.43  0.16 (n  6). Both of these changes was 100  cm in the axon and 200  cm in the soma/dendrites.
are known to enhance gap junction conductances (Lazrak and Per-
acchia, 1993; Spray et al., 1981) and might contribute to the some- Acknowledgments
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